Abstract. The stochastic field of sediment supply to the channel network of a drainage basin depends on the large-scale interactions among climatically driven processes such as forest fire and rainstorms, topography, channel network topology, and basin scale. During infrequent periods of intense erosion, large volumes of colluvium are concentrated in parts of a channel network, particularly near tributary junctions. The rivers carry bed material and wash load downstream from these storage sites at different rates. The bed material travels slowly, creating transient patterns of sediment transport, sediment storage, and channel morphology along the channel network. As the concentrations of bed material migrate along the network their waveforms can undergo changes by diffusion, interference at tributary junctions, and loss of mass through temporary sediment storage in fans and terraces and through particle abrasion, which converts bed material to wash load. We investigated how these processes might influence the sediment mass balance in channels of third and 2 higher order in a 215-km drainage basin within the Oregon Coast Range over a simulated 3000-year period with a climate typical of the late Holocene. We used field measurements and a simulation model to illustrate interactions between the major controls on large-scale processes functioning over long periods of time in complex drainage basins.
those features of the sediment regime about which generalizations can be made. Although it may be difficult to predict the specific condition of a dynamic sediment transporting system, it is possible to compute the probability of its being in various states as a result of a combination of environmental controls and thus to characterize the sediment regime of any channel reach in terms of its statistical properties. After first explaining how such waves of sediment arise in the particular circumstances of the central Oregon Coast Range, and how they might be simulated with a relatively simple process-based model, we illustrate how characteristic frequencies, magnitudes, and spatial distributions of wave-like sediment transport reflect the climatic regime, basin topography, network topology, and prior movement history of the waves. The present application requires a considerable amount of empirical data, which in principle could be replaced with more detailed theoretical representations of transport, though such a step would require both theoretical advances and a greater investment in parameter evaluation. Here, we use an approximate, empirically based approach to analyze how the major environmental controls on sediment supply and transport might affect the stochastic regimes of sediment transport and routing in a channel network over long periods of time. The model leads to hypotheses that might be tested through temporal sampling of sediment flux and reach-length storage, spatial sampling of storage volumes throughout a channel network, space-for-time substitution, and reconstruction of sedimentation regimes after major environmental perturbations, such as fires, large storms, or land-use change. It is also useful for deducing testable interregional differences in the mean condition and variability of sediment storage and supply that might be expected to result from differences in climate, topography, and other landscape properties. The approach could also be used for anticipating the general nature of changes in sedimentation regime that might be expected to result from a change of climate, land use, or other resource management policy, such as fire suppression.
Similar to the approach taken in predicting the stochastic sediment supply [Benda and Dunne, this issue], we seek to avoid the complexities inherent in large-scale processes by using a coarse-grained approach [Gell-Man, 1994 ] that does not make precise predictions about future states at specific sites but uses simplified expressions to represent processes and their interactions. The approach is meant to generate testable hypotheses about the effects of interactions among climate, topography, lithology, and channel networks on large-scale patterns of fluvial sediment transport and storage. rock hollows transfer this stored colluvium to higher-order valley floors. A stochastic model was used to compute the magnitude and timing of landsliding and debris flows, and thus of episodic sediment delivery to high-order channels (those with order ->3). Although much of the sediment influx to high-order channels occurs continuously by soil creep and bank erosion, a pattern of infrequent wildfires and rainstorms coupled with a high density of landslide and debris-flow source areas causes a portion of the sediment supply to be concentrated in time and space [Benda and Dunne, this issue, Figure  3] . In the present paper we add to the computed sediment supply the rate of chronic soil creep from hillslopes lining the high-order channels, fluvial transport from first-and secondorder channels, and the effects of sediment storage in debrisflow fans at the mouths of tributaries.
The wash load component of the sediment supply to these high-order channels is transported quickly downstream, and although a small fraction of it is trapped in gravely bed and bar material in the region and another fraction is stored overbank, we ignore these fractions in the current application. We also route the bed material within the active channel and ignore the construction of terraces and exchanges between terraces and the channel. Other strategies for characterizing these latter transfers have been suggested by Dietrich et al. [1982, pp. 15-20] and Kelsey et al. [1987] . We are concerned here with the sediment that travels episodically through the channel system as bed-material load and (although our one-dimensional model cannot distinguish between them) is molded into channel and floodplain forms. This sediment travels episodically in response to floods. The probability distributions of occurrence and distances of particle transport by these floods are generally unknown, but we take as reasonable the assumption that both are strongly right skewed and that the mean distance of transport per year is a small fraction of the length of the channel network [Dietrich and Dunne, 1978; Madej, 1982; Mosley, 1978] .
In the present paper we compute a long-term (3000-year) sediment mass balance for channel reaches of third to sixth order in a 215-km2 watershed in the central OCR using (1) the network, and its cumulative and local drainage areas, gradient, channel width, and hydraulic roughness are all specified. For purposes of bed load routing, each reach is divided into segments of length equal to the computed average annual distance of bed-particle transport in each part of the network. This is required so that we can calculate where sediment is stored or scoured along the channel as a result of the imbalance between sediment supply and transport within a segment. The volume of debris-flow sediment entering the high-order network each year is modified to account for the effect of storage in debris-flow fans or terraces in the valley floor [Benda, 1990] . Debris flows in the OCR typically deposit a portion of their sediment on debris fans at tributary junctions. Those entering third-order channels from upstream create large terraces along the valley floor. Stream erosion along the margins of these fans and terraces remobilizes the sediment. Field measurements of the initial failure, scour, and deposit volumes for five debris flows in the OCR occurring between 1983 and 1985 documented the deposition of 10-60% (average 40%) of debris-flow volumes on fans at the mouths of firstand second-order basins. Less-precise observations on older deposits, for which it was more difficult to define the scour volumes, suggested that the upper end of this range was more typical of the region, and so an average storage volume of 60% was used. Use of this proportion to calculate debris-flow deposit volumes and thicknesses in third-order channels was consistent with observed depths. Similar reconstructions of debrisflow volumes and deposition on terraces in the upper ends of third-order reaches indicated that an average of 75% (50-80%) of the original debris-flow volume was stored on terraces. These estimates were conservative in the sense that they exceed the averages of the more precisely measured values, and thus they diminish the predicted initial amplitude of colluvial deposition in the channels. However, it is clear that a larger database is required to investigate this aspect of channel and valley-floor sedimentation.
Sediment Supply to
As a consequence of this estimate of fan and terrace storage, we applied an average, constant rate of stream bank erosion of 0.02 m yr-• along the streamside margins of debris-flow fans at the mouths of first-and second-order channels and an erosion rate of 0.06 m yr-• along debris-flow terraces in upper thirdorder valleys. These values were chosen to maintain the storage reservoirs in long-term steady state, based on the average frequency and volume of debris flows predicted by Benda and (Figure 1). 
3.3.
Texture of Sediment
The particle-size distribution of colluvium is similar among hollows and first-and second-order channels [Benda and Dunne, 1987] , showing that low-order channels trap sediment of all sizes, including almost all of the sand and silt from hillslopes, until that sediment is scoured away by debris flows. The particle-size distribution (by weight) of sediment that enters channels of all orders from all erosion processes is 6% silt-clay (<0.06 mm), 8% sand (0.06-0.25 mm), 7% coarse sand (0.25-1 mm), 18% pebbles (1-22 mm), 18% gravel (22-64 mm), 35% cobbles (64-264 mm), and 8% boulders (>264 mm). Many of the pebbles are cemented sands, which break down rapidly during wet sieving or tumbling. The distribution is based on field measurements of colluvium from bedrock hollows and debris-flow deposits in the OCR.
Bed load in our model includes all particles smaller than boulders (i.e., <264 mm) and greater than fine sand (0.25 mm), which is the upper limit of suspended load in OCR streams [Beschta, 1981] . Sediment finer than 0.25 mm is assumed to remain in suspension as wash load. In the model, boulders remain at depositional sites [Benda, 1990] and weather to sand and gravel during periods between debris flows, which average 600 and 300 years, respectively, for firstand second-order channels [Benda and Dunne, this issue].
Sediment Routing Model
A mass balance approach (equation (1)) is used for routing sediment through the approximately 300 km of high-order channels over a 3000-year period. We distinguish between wash load (<0.25 mm), which is rare in the bed material of the field area and is exported from the basin once it is separated from colluvium, and coarser sediment that travels dominantly as bed load. A portion of the wash load may be temporarily stored overbank in floodplains or terraces [Madej and Ozaki, 1996] , but since our observations in the field area indicate that floodplain material in most reaches of the network is coarse, especially in the upper reaches of the basin, we ignore floodplain storage of wash load in the present application. Sediment stored in the active channel and in coarse-textured floodplains of the basin is always available for transport in the calculation, and therefore longer residence times of sediment in valleyfloor stores [Dietrich and Dunne, 1978] are not accounted for in this one-dimensional model. A change in sediment supply is often accompanied by an adjustment in channel morphology, including bed particle size [Dietrich et al., 1989 ] and pool-riffle geometry [Lisle, 1982] . These changes in morphology in turn can affect the sediment transport rate, but in the absence of quantitative relations, these feedbacks are not represented in our model.
In the absence of a physically based sediment transport equation that is well proven for mountain channels and of knowledge of particular sequences of flow to drive such an equation, we take a stochastic approach to estimating annual transport rates. Our approach is based on (1) the common experience that probability distributions of annual sediment fluxes at a station are right skewed [Wolman and Miller, 1960 We begin by defining an annual total transport volume out of a segment under conditions of copious sediment supply, r•(k, t), which varies between years (t) and channel segments (k) and has dimensions of (m 3 yr-1). Its probability distribution will be estimated below. Subtraction from r• of the computed washload input to the segment Qiw(k, t) leaves •(k, t), the sum of wash load that is mobilized within the segment and bed load that is transported out of the segment k in year t:
We propose that under conditions of copious sediment availability, the partitioning of ß between bed load transport through the segment and new suspension within it will be proportional to the ratio of the volumes of suspendible to total sediment within the segment. Thus, with copious sediment supply, Ow(k, t), the wash load (m 3 yr-•) mobilized within the segment would be
where Vw (cubic meters) is the volume of wash load in colluvium supplied to the segment from its local drainage area and Vt (cubic meters) is the total volume of sediment stored within the segment in year t, which may consist of colluvium supplied from the local drainage area and alluvium supplied from upstream in year t or earlier years. Under a restricted sediment supply, if the amount of washload grain sizes stored in the reach in a particular year is less than Ow(k, t), then all of this fine-grained material will be flushed out of the segment, and the annual volume of wash load mobilized within the segment will be Kw(k , t) = l/w(k, t)/At.
Otherwise, Kw(k, t) = Ow(k, t) from (3). Hence the total wash load transported out of segment k in year t, Q wo (k, t) is
where Q wi(k, t) is the wash load transported into the segment. Once wash load is suspended, it remains in motion and leaves the basin in the same year, so that in high-order channels only colluvium contains particles smaller than 0.25 mm. Under a copious sediment supply the annual flux of bed load out of a segment is also partitioned from •(k, t) according to the proportion of bed load-size material, Vt,, (which includes that supplied from upstream during the previous year and that supplied by colluvium from the local drainage area) to the total sediment volume, Vt, stored in the segment:
(6) Under a restricted sediment supply, if the volume of bed load particles stored in the reach in a particular year is less than Ot,(k, t), then all of this material will be flushed out of the segment, and the annual volume of bed load mobilized within the segment will be •cb(k, t) = l/6(k, t)/At.
(7)
Otherwise, no(k, t) = Ot,(k, t) from (6). Hence the total bed load transported out of segment k in year t is
Equations (2) and (6) lead to the condition that under copious sediment supply, computed values of bed load vary according to the supply of suspended sediment from upstream. We use this result only in the sense of the difference between two randomly varying numbers. It is a consequence of using a probability distribution of measured sediment yields including both suspended and bed load sediment to estimate •, then of subtracting from the values for individual years an independently predicted wash load, and of assuming that all wash load, once mobilized, is never redeposited. In short, it is a result of the fundamental uncertainty acknowledged in our use of a probability distribution in the first place. Although there is room for improvement in this module, the flaw makes very little difference to the results in the present application. The total transport (r j) increases monotonically downstream with increasing drainage area, whereas bed load breaks up rapidly by abrasion because of the mechanically weak bedrock of the region (see below), so that Ot,(k, t) almost always exceeds the amount of bed material that arrived in a segment during the previous year. Therefore once bed load is in motion (i.e., separated from its originating colluvial deposit), it continues to move downstream each year. The dependence of Ot,(k, t) on the flux of suspended load from upstream artificially slows the calculated erosion of colluvial deposits by reducing stream erosion of the deposit during high fluxes of suspended load from upstream. The expected strong right skew in the predicted frequency distributions of annual bed load transport is preserved [e.g., Benda, 1994, p. 234]. We do not imply that the simulated sediment transport rates under copious sediment supply represent the transport capacity in the presence of an infinite sediment supply. Use of a probability distribution of • expresses not only variations in sediment transport due to alternations of wet and dry years but also the temporal variation of land cover and other processes affecting the availability of sediment in a basin, as well as the state of the channel bed. Thus it expresses our lack of knowledge about the annual sediment transport rate, except for the empirical record of its general magnitude and variability.
Probability Distribution of Sediment Transport

Average Distance of Bed Load Transport
Each segment was assigned a length, ZXx(k), equal to the average annual distance of bed-particle transport estimated for that place in the channel network, so that we could keep track of the transport distance of each year's bed load. Travel distance depends on the average particle speed during transport Abrasion of bed material during transport reduces all coarse particle sizes, but most important for the present calculation is the conversion of bed material to wash load. The process has been simulated by tumbling sediment in a mill and expressing the resulting particle size as an exponential function of simulated travel distance [e.g., Collins and Dunne, 1989] with the e-folding distance of the exponential function depending on lithology. The Tyee sandstone of the central OCR is mechanically weak, and so conversion of bed material to wash load is particularly rapid. Since it is not practical to account for the movement and burial history of each particle in the channel network, we ignored the potential for a grain-size dependency on abrasion rate, and focused only on determining the proportion of the bed material that would be converted to washload as it traveled through each channel segment.
Bed load abrasion was measured by tumbling colluvium in a water-filled, rubber-lined drum at a rotation rate of 0.2 m s -• [Benda, 1994] 
where Q•,o(k, t) and Q•,i(k, t) are respectively the volumes of bed material leaving and entering segment k in year t, and Ax(k) is the distance of particle travel (the length of segment k). Suspended load generated by the abrasion of bed load in a segment is added to the suspended load leaving the segment.
Storage in Each Channel Segment
The amount of sediment in storage in a channel segment at the end of year t can be expressed as a volume per unit area of channel bed and therefore as an average depth of stored sediment, z:
where Vt(k, t -1) is the volume of colluvium and alluvium in the segment that survived previous stream erosion (from mass wasting or tributary inputs which overwhelmed the transport capacity of the stream in the segment) and w is the channel width.
The model does not include the ability of woody debris to trap colluvium and alluvium upstream, as described by Benda [1988 Benda [ , 1990 
Steps in the Simulation
The stochastic sediment generating scheme described by Benda and Dunne [this issue] was used to compute an annual time series of sediment influx to each segment of the highorder channel network. These values, I(k, t), separated into wash load and bed load size components, are used in (1) to calculate both storage of sediment within the segment and sediment flux out of it in each year. Calculation of the efflux, Q o(k, t), requires first the random selection of an annual value of total transport for year t from the probability distribution of r/and its scaling for each segment based on drainage area. The efflux is then partitioned into wash load and bed load with (5) and (8), respectively. Wash load leaves the basin and generates a time series in which the suspended load is more or less decoupled from the slower bed load. Each year's bed load travels a distance equal to the length of the next segment downstream, computed from (13) and in doing so is diminished in volume by particle abrasion (equation (15)), which also yields a time series of bed load flux for each segment. Equation (16), which is an expanded version of (1), is then used to calculate a time series of sediment storage for each segment in the basin.
4.
Model Results and Discussion
Nonuniform and Unsteady Sediment Supply
We are now in a position to use the simplified transport model to investigate how the space-time structure of sediment routing and storage is governed by interactions between the stochastic supply of sediment from hillslopes and a converging, hierarchical channel network. The simplicity is required to overcome the complexities introduced by long time periods and large ensembles of hillslopes and channel reaches. The result is a set of hypotheses on how the large-scale behavior of erosion and sedimentation is related to specific environmental , t) ) and therefore the rate at which the stream erodes the colluvium; and (4) the supply of bed material into the reach from upstream, Q•,o(k -1, t). In the simulated case the degradation time is 20 years. The complicating effects of temporal changes in channel morphology, including armoring and woody debris, on sediment transport were not explicitly considered, except through the strategy of using the empirically derived probability distribution of transport rates.
Stream erosion of the stationary colluvial wave produces a pulse of suspended sediment, which exits the basin in the first few years after onset of the disturbance, and a pulse of fluvially transported bed material, which moves downstream through a channel that is usually limited in sediment supply (i.e., transport capacity exceeds supply of sediment) prior to the accelerated erosion. In coarse-bedded, steep channels the bed material moves almost exclusively as bed load, and so we will use these terms interchangeably in the rest of this paper. The mobile pulse of fluvially transported bed material is more sorted than the stationary colluvial deposit, and it is to these mobile features that we apply the term "wave" in the rest of this paper, unless there is specific reference to the stationary colluvial waves. In this case the pulse of bed material moves as a coherent wave (Figure 3) , the translation and alteration of which are computed by application of (16) We have illustrated the case in which the travel distances of particles show relatively little dispersion, and therefore there is little diffusion of the wave. Our model incorporates diffusion only where there is a downstream increase in particle travel speed, either at a tributary junction because of discharge increases or at a narrowing or steepening of the channel, which is excluded in this application by our estimation of gradient as a smooth function of drainage area. Where such an increase in particle speed occurs, the segment length in our calculation increases (equation (13)) and the sediment entering the reach in a year is spread over a larger Ax in (16). In other words, some diffusion of the wave would be forced by the dispersion of particle velocities in a reach where the speed increased. Another case is that in which sediment is stripped from the initial colluvial wave in small quantities and transported quickly downstream without aggrading the bed until it is transported to some reach in which the transport capacity decreases and the sediment accumulates. This accumulation would continue until the supply of sediment from the colluvial wave diminishes, and then the downstream deposit would be scoured away. Thus the initial colluvial influx would be partially converted to a stationary fluvial wave at a remote locality downstream (such as the mouth of a canyon). This process could be repeated along rivers with alternations of high and low gradient, and a patient observer would see waves of sediment storage arising and decaying with some lag and particlesize change as a result of the initial massive influx of sediment in a zone of the basin in which sediment supply had been increased in the recent past.
Because of the difficulties of modeling sediment transport capacity in sediment-starved channels, we have limited our model to the simplest conceivable case of bed-material flux without dispersion. Thus we hope to concentrate attention on our main points, namely, (1) that stochastic sediment supply from massive fires and rainstorms and the effects of channel network topology focus that sediment supply spatially and temporally to create transient zones of sediment storage along the channel network and (2) that this transient behavior has a spatial and temporal structure that can be related to environmental variables.
Particle attrition causes a loss of mass in the sediment wave as it moves downstream. Wave height, from (16), is also reduced downstream because of increasing channel width (Figure 3) . Although the bed material waves appear dramatic in 
Frequency and Magnitude of Sediment Transport and Storage
The frequency and magnitude of sediment supply to high- are floored with only a thin, discontinuous layer of sediment, and bedrock is widely exposed. It is a consequence of the mechanically weak condition of the gravel, and indirectly of the high rates of runoff and the steep channel gradients which ensure that sediment transport rates are high relative to average sediment supply rates, and would presumably be different in other lithologic, hydrologic, and topographic conditions. Large woody debris would also presumably slow the rate of long-term bed material transport rate. Although we have no specific knowledge of the recent history of the North Fork, it is known that such debris was cleared from many of the channels of the area within the past century. However, our laboratorymeasured attrition rates and our calculated long-term sediment production rates suggest that attrition strongly limits the amount of gravel that survives transport to sixth-order segments on the Tyee sandstone.
At 215 (Figure 9a) . In other landscapes with higher erosion rates or gravel that is less vulnerable to abrasion, the higherorder channels may contain thicker deposits of gravel, especially where the river profiles are more concave than those in our study area. In addition, local decreases in channel slope and increases in valley-floor width, caused by earth flow [Swanston, 1981], debris-flow deposits [Benda, 1988] , or geologic structure may locally increase the probability of aggradation and the subsequent development of terraces associated with wave passage. The magnitude of wave-like bed load transport, as a proportion of the total bed load yield, follows the same pattern as the wave-state probability, for similar reasons (Figure 9b) . However, the majority of bed load transport occurs at 
Summary
Model predictions suggest that waves of sediment storage and transport with characteristic length and height scales are a fundamental characteristic of sediment transport systems in basins where portions of the sediment influx to channels are nonuniform and unsteady. This testable, theoretical finding based on our simulation in the OCR is consistent with numerous field measurements and observations of transient aggradation, commonly referred to as sediment waves, linked to concentrated erosion worldwide. We have proposed a generalizable scheme for systematically analyzing how such pulses of sediment transport and storage might arise, migrate, and interact because of the interplay between hillslope supply processes, fluctuating sediment transport rates, channel network characteristics, particle attrition, and the more fundamental geologic, climatic, and topographic factors that control them. Testing of the proposal requires regional or basin-wide sampling and dating of sediment deposits, rather than confinement of sediment transport studies to reach-length process mechanics. The approach also allows one to examine the influence of basin scale on the spectra of sediment transport and storage and associated textural and morphologic change. Quantifying the influence of basin scale on these spectra can lead to classifying reaches of river networks in terms of the expectable frequency and magnitude of sediment flux and storage, and variations in channel morphology.
The combined stochastic models of sediment supply [Benda and Dunne, this issue] and routing could also be used to examine the general nature of changes in sedimentation to be expected from altering one or more of the controlling variables, such as the probability distribution of sediment transport rates or fire frequency. GeographiCal variations in the controlling variables between regions can also be rationalized in the same manner. Such analyses would require careful transfer of empirical information (rainfall probabilities, tree-root strengths, sediment transport probability distributions, etc.) between times and regions as well as the collection of some new field information. Both techniques are standard in hydrology and geomorphology, however. A bigger difficulty is that of judging the linkages between, for example, rainstorm probabilities that affect hillslope stability and sediment supply and the probability distribution of sediment transport rates in a region. That is a secondary topic for further research, however, and in the meantime significant insights about the space-time structure of sediment transport and storage can be gained through incorporating the simplest hypotheses about controlling variables in a scheme such as we propose here.
The specific model predictions of frequency and magnitude of sediment transport and storage in any basin are approximate, given the uncertainties of process formulation, the inherent variability and unpredictability (except in a statistical sense) of the climatic and geomorphic parameters in our model, and the absence from the model of other processes such as sediment storage in terraces and behind log jams. However, the general model predictions indicate how unsteady and nonuniform supply of sediment can arise in a basin over time. The systematic predictions of how spatial scale (drainage area), channel network topology, particle abrasion, and climate influence the frequency and magnitude of wave-like sediment transport should apply to other mountain environments, even to those in which mass wasting is from larger and more continuously active features, such as earth flows [Swanston, 1981] , or where the episodic effects are due to influences such as earthquakes [Pearce and Watson, 1986 ].
